ABSTRACT: This study aimed to report the mechanical strength and characteristics of the lateral mass and pedicle considering BMD for the safe insertion of pedicle screws in the subaxial cervical level. We evaluated BMD and Hounsfield unit (HU) values of cortical bones at the lateral mass and pedicle of C3-7 from CT images in 99 patients. Patients were divided into three groups (Group A, T-score ! À1; Group B, À2.5 < T-score < À1.0; Group C, T-score À2.5). The HU numbers of cortical bone in the vertebral canal (medial wall of the lateral mass; cHU), posterior wall of the transverse foramen (fHU), and medial wall, lateral wall, and trabecular area of the pedicle (mHU, lHU, and pHU, respectively) were measured on the CT images in the middle of the pedicle. A mechanical study was also performed to measure cortical bone strength using 10 fresh cadavers. The cHU and mHU values in Group C were higher than lHU and fHU in Groups A and B, and there was a wide gap between the pHU value and other areas. The penetrating force also had a close correlation with HU number. The mean penetrating force of the medial wall of the lateral mass and the posterior wall of the transverse foramen were 210.08 AE 110.46 and 50.51 AE 46.09 N, respectively. The cortical bones in the vertebral canal and medial wall of the pedicle were stronger than the lateral wall and the trabecular area. The cHU and mHU in the osteoporotic group were higher than fHU and pHU in the normal group. Keywords: cervical pedicle; lateral mass; penetrating strength; Hounsfield unit; BMD Subaxial cervical pedicle fixation (CPS) is a very useful technique for posterior cervical stabilization and has become popular because of its mechanical superiority compared to other posterior cervical techniques.
Subaxial cervical pedicle fixation (CPS) is a very useful technique for posterior cervical stabilization and has become popular because of its mechanical superiority compared to other posterior cervical techniques. [1] [2] [3] However, there is still a risk of neurovascular injury due to the anatomical environment during CPS, which is an obstacle for generalization of the CPS technique among spine surgeons. 4, 5 Thus, many surgeons have made an effort to overcome the inherent risks, and a remarkable number of anatomic studies have been conducted comparing the cervical pedicle to other levels including the lumbar and thoracic pedicle. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The evaluation of internal morphology of the cervical pedicle by Panjabi et al. gave an important clue for developing various techniques of CPS, and the majority of these techniques use the medial cortex of the pedicle or the lateral mass (the lateral cortex of the vertebral canal) as a safe guard during insertion of CPS. 9, [16] [17] [18] [19] [20] Moreover, studies analyzing misplacement and complications in CPS have demonstrated that medial misplacements of CPS do not occur as often as misplacements in other directions, and spinal cord injuries related to CPS are extremely rare (especially using freehand techniques). 4, 18, 21, 22 This is not only due to the unfamiliar convergence angle of the cervical pedicle, but also indicates that the medial cortex of the pedicle or the lateral mass has functioned as a safe guard for the insertion of CPS. Both confidence and training are required for a surgeon to feel the medial wall of the lateral mass and the cervical pedicle and to overcome the fear of causing a spinal cord injury. A report by Yoshimoto et al. showed detailed transitions of techniques for finding the entry of the pedicle (from direct exposure of the opening of the cervical pedicle to probing using a steep pedicle probe) and also showed a long learning curve for training of CPS. 20, 23 When finding the entry of the pedicle, understanding the mechanical properties of the cortical bones (spinal canal, the medial wall of the pedicle, and transverse foramen) is required for confident probing, but there is no data on the mechanical properties of these regions in the literature. In this study, the authors evaluated differences in bone quality among these structures based on Hounsfield unit (HU) number using clinical computed tomography (CT) images to determine if there are any tendency differences in osteoporotic conditions using bone mineral density (BMD) and the relationship between HU number and the real penetrating force of cortical bones using cadaver specimens. The Hounsfield unit (HU) scale is a linear transformation of the original linear attenuation coefficient measurement into one in which the radio density of distilled water is defined as 0 HU, and the radio density of air is defined as À1,000 HU. 24 The HU number determined from CT images can be used to estimate osteoporosis 25, 26 and the mechanical properties of bone. 27, 28 We hypothesized that the medial wall of the lateral mass (cortical bone of the vertebral canal) and the medial wall of the pedicle have sufficient strength to guide the pedicle probes to find the entry of the pedicle.
MATERIALS AND METHODS
This study was approved to use clinical image data by the institutional review board of Gangneung Asan Hospital (2014-055).
Level of Evidence: III

Specimen Preparation
Data from CT images and the femoral neck BMD were obtained from 99 patients who underwent cervical CT and BMD analysis (with less than 6 months between the two procedures) from April 2009 to December 2014. The patients included 52 females and 47 males. The mean patient age was 63.7 years (females: 63.4 years, males: 64.1; range 32-86 years). Patients with any destructive pathology or severe spondylosis in the cervical pedicle and cervical lateral mass were excluded. Patients were divided into three groups according to femoral neck BMD (Group A, T-score ! À1; Group B, À2.5 < T-score < À1.0; Group C, T-score À2.5). Group A included patients with normal BMD, Group B was composed of patients with BMD below normal including osteopenic patients, and Group C included osteoporotic patients. Additionally, 50 cervical vertebrae (C3-C7) from 10 fresh cadavers (donated to The Catholic University of Korea) were included for the mechanical study (5 female cadaversmean age 77.25 years, 5 male cadavers-mean age 69.5 years).
Image Acquisition and Analysis
Patients were scanned using a helical CT scanner (LightSpeed VCT 64; General Electric, Wauwatosa, WI) with 0.625 mm slice thickness and 0.625 reconstruction intervals and a dual-energy X-ray absorptiometry (DXA) scanner (Lunar iDXA; Corp/GE, Madison, WI). DXA scans were analyzed according to ISCD rules, and BMD was expressed by a T-score. 29 Cervical CT images of cadaver specimens were scanned using the same type of CT scanner before the biomechanical test. All images were routinely reformed into an axial plane parallel to the lower endplates of the cervical vertebrae. Axial images of the largest pedicle diameter were selected from C3 to C7. The mean HU numbers of cortical bone area in the vertebral canal (cHU, the medial wall of the lateral mass); the posterior wall of the transverse foramen (fHU); and the medial wall (mHU), lateral wall (lHU), and trabecular area of the pedicle (pHU) were measured on the axial CT images in clinical images (Fig. 1A ) and in the cadaver specimens. Medical image processing software (MIMICS, Ver. 18, Materialise, Leuven, Belgium) was used to measure the mean HU number.
Biomechanical Test
The biomechanical study was performed using cadaver specimens to evaluate the relationship between real penetrating force and HU number. Eight cadavers were used to measure the penetrating force of cortical bone, and two cadavers (a total of 20 sides of lateral mass from two females) were used to evaluate the resistance force of trabecular bone in the lateral mass because the fragments of the cervical bone were too small to test the resistance force of trabecular bone and cortical penetrating force at the same level.
To prepare the test specimens, the C3-C7 vertebrae including the soft tissue were extracted from fresh cadavers with no lesions or deformities (based on the CT images collected prior to dissection). Forty cervical vertebrae from eight cadavers were prepared and carefully cut into pieces with a micro saw (Fig. 1B,C) . The cross-section side of the pedicle was embedded in epoxy resin to facilitate testing. Subsequently, the specimens were mounted on the test jig of a universal testing machine (5567, Instron, Norwood, MA). The universal testing machine used in this study had a sufficient measurement accuracy of AE0.05 N at load and AE0.02 mm at displacement. A spherical indenter tip (K10273, Frontics, Seoul, Korea) with a diameter of 1 mm was employed to produce a penetrating force on the contact surface between the indenter and cortical bone (Fig. 1C) . The indenters were located at nearly the same points (the medial wall of the lateral mass and the posterior wall of the transverse foramen) where the HU numbers were evaluated in the CT images. Those points were two of the most frequent places that are contacted by a pedicle probe when searching for the opening entrance of the pedicle. The penetrating force was defined at the peak of the compressive load. The resistance force of the trabecular bone was measured by the same method.
Statistics
Differences in the HU numbers of cortical areas, relationships between the HU numbers and femoral neck BMDs from clinical data, and the correlation between the HU number and real penetrating force at the same point in cadaver specimens were evaluated. Parameters were analyzed statistically (means and standard deviations), and differences in values were evaluated with t-test, a one-way analysis of variance (ANOVA), and Pearson's correlation coefficient. p values 0.05 were considered significant.
RESULTS
The mean values for HU number from the clinical images in cHU, mHU, lUH, fHU, and pHU were 1083.43 AE 202. 15 There were significant differences in HU number among all regions (p < 0.01) and no differences between the left and right pedicles. Male patients showed slightly higher HU numbers, but there was no intersexual difference except in C3/4 ( Table 1) .
The tendency of mean HU number is demonstrated in Figure 2 . The cHU had the highest value, and there was a wide gap between cHU/mHU and lHU/fHU. The pHU was very low compared to the other values. The lHU showed a peak at C5/6, and the fHU decreased at C6/7, while cHU/mHU had a constant value regardless of cervical level.
The lHU, mHU, and cHU in Groups A, B, and C (divided by femoral neck BMD) generally had significantly different HU numbers except at a few levels. However, there were no statistical differences in the fHU or pHU for any level between Groups A, B, and C ( Table 2 ). The HU data are presented as a graph in Figure 3 . Despite the variances of BMD, the means of cHU and mHU showed higher than fHU. The means of pHU were constantly low by wide margin with the other parameters.
In the mechanical study using cadavers, the cortical bones in males were significantly stronger than those in females, and the medial wall of the lateral mass (cortical bone of the vertebral canal) was significantly stronger than the cortical bone of the transverse foramen by more than 100 N (about 10 times); moreover, the resistance of trabecular bone was less than 15 N (Table 3 ).
In the cadaver study, cHU and fHU were 956.60 AE 288.74 and 482.47 AE 137.20, respectively, and these values were similar to the HU numbers in Group C. The real penetrating force also had a close correlation with HU number (r ¼ 0.78, p < 0.01, Fig. 4) . The mean penetrating force of the medial wall of the lateral mass and the posterior wall of the transverse foramen was 210.08 AE 110.46 and 50.51 AE 46.09 N, respectively.
DISCUSSION
In CPS procedures, searching for the entry of the cervical pedicle in the cervical lateral mass is the most important step. Thus, many CPS techniques stress this step and are distinguished by their use of different methods to find the entry zone into the inner space of the cervical pedicle. 9, 16, [18] [19] [20] [30] [31] [32] [33] Most of these techniques use pedicle probes, which can palpate the medial wall of the cervical lateral mass and the cervical pedicle based on anatomical studies. 14, 17 Previous studies report a significantly lower rate of medial misplacement in CPS compared to other directions, which clearly indicates the role of the medial wall of the cervical pedicle and the cervical lateral mass as a safe-guard. 4, 21, 22 However, there is a long learning curve in becoming accustomed to feeling the strength of cortical bone. Yoshimoto et al. reported details on the learning curve of CPS procedures and differences in the technique and shape of probes experienced through many cases. 20 They divided the learning curve of CPS insertion into three phases: early, middle, and late. The convergent angle of screws became steeper at the middle period, and they used a stiff pedicle probe as the thoracic pedicle at the late period, as proposed by Kim et al. 23 The accuracy of CPS insertion was significantly improved after inserting 192 CPS, which is a long learning period compared to the results (80 pedicle screws) from other levels, as reported by Gonzalvo et al. 34 There are various reasons for the long learning curve. One reason is the anatomical characteristics of the cervical pedicle such as small structure and unfamiliar angle, while another reason may be the lack of confidence and fear of inherent risk of neurovascular injury by CPS. Thus, morphologic studies are limited due to the lack of confidence and fear of risk in this method. Although morphologic studies found that the medial wall of the cervical lateral mass is thicker than the lateral wall of the pedicle, they could not determine how much strength can be permitted to avoid penetrating the medial safe guard (cortical bone of the vertebral canal). Additionally, there has not been a mechanical study on the medial wall of the cervical pedicle and cervical lateral mass; thus, surgeons need to experience many procedures in order to feel the medial wall of the cervical lateral mass and to have the confidence to overcome the fear of perforation.
In this study, we used clinical data from DXA and CT to define the regional bone qualities (cHU, mHU, lUH, fHU, and pHU) considering various conditions of general bone qualities (BMD). DXA is a useful tool for assessing general bone quality due to its convenience, while HU values obtained from CT are strong indicators for evaluating regional bone quality, so these two tools have been used to determine general and local bone quality. 35, 36 However, there are other factors that influence the real strength of bone (such as structural factors and vector of force), and the HU value is not a direct reflection of the strength of bone; therefore, mechanical tests should be conducted to minimize bias and present the real strength data. 37, 38 The total mean values of cHU and mHU have similar higher HU values than the mean value of lHU. The similarity in mHU and cHU might be due to the embryological reason that they were developed from the same structure of the neural arch. Although previous anatomic studies only presented the thickness of the cortical bone, this study demonstrated that the medial wall of the pedicle and cervical lateral mass not only had a thicker cortical bone, but also showed higher HU values than the lateral cortical bone of the cervical pedicle. pHU had much lower HU values than cHU/mHU/lHU (Table 1 and Fig. 3) . The cHU and mHU values were higher than fHU and pHU in all BMD groups. Specifically, cHU and mHU in the osteoporotic group (Group C) were higher than fHU and pHU in the normal group (Fig. 3) . Such results were observed at all cervical levels.
The HU values from CT data are similar in males and females (Table 1) , but the penetrating force was different between the sexes (Table 3) . These results might have been caused by age of samples. The HU values from patients with a wide range of age showed less sex difference, while the penetrating force from cadavers with only old aged samples showed sex differences. The HU values from the cadavers showed similar HU values to Group C, and minimal changes in the mechanical properties of cortical bones were inevitable despite pretest preparation; thus, the real strength of bone might be underestimated. However, the penetrating force of cortical bone in the vertebral canal (the medial wall of the lateral mass) was very high (higher than 120 N-lower value of 95% confidence interval), and it may be even stronger in a living human. In contrast, the cortical bone of the transverse foramen was fragile. In female specimens, it is possible to make a breach in the cortical bone of the transverse foramen with a power of only 17 N (the lower value of the 95% confidence interval). The trabecular resistance of the pedicle was much lower than that of the cortical bone, so clear discrimination between the cortical bone and trabecular bone in the pedicle was possible. We used a 1-mm-diameter spherical compression tip; however, in the real operative field, a probe with a sharp tip or the blade edge of a drill might be used for the contact area. Thus, less penetrating force than that shown in the present results is needed to breach the contacted cortex. However, the results indicate that it is difficult to make a medial wall breach using only manual palpation during scraping of the cortical bone in the vertebral canal unless the probe has a very sharp blade. There was a close correlation between HU value and real penetrating force, indicating that HU values from clinical CT image data are reasonable measures when comparing the real strength of regional bone (Fig. 4) . The penetrating force data could provide a mechanical basis for CPS insertion techniques and give confidence to trainees for CPS insertion. This mechanical basis is helpful not only for free-hand techniques, but also for inserting CPS under the guidance of a navigation system because the cervical segments are highly flexible structures. In addition, there can be deviation after setting the navigation system if hard muscle retraction is applied; therefore, a surgeon may need to confirm the location of the guide hole by manual palpation. 39 Moreover, this data could be useful in the development of new instrumentation for CPS insertion.
CONCLUSION
The cortical bones in the vertebral canal and the medial wall of the pedicle were stronger than those in the lateral wall (wall of the transverse foramen) and the pedicle trabecular area. Moreover, the mean Hounsfield unit number and real penetrating force in the vertebral canal and the medial wall of the pedicle showed large differences compared to those in the trabecular area and the lateral wall of the pedicle, even in the osteoporotic group. Thus, the vertebral canal wall and the medial wall of the pedicle can be a safe guide for pedicle screw insertion, and the real penetrating force can aid in the development of a pedicle probe and give surgeons information on the force that operators should use to probe the medial wall of the lateral mass when searching the pedicle.
